Bacterial adhesion is affected by environmental factors, such as ionic strength, pH, 18 temperature, and shear forces, and therefore marine bacteria must have developed holdfasts 19 with different composition and structures than their freshwater counterparts to adapt to their 20 natural environment. The dimorphic a-proteobacterium Hirschia baltica is a marine budding 21 bacterium in the Caulobacterales clade. H. baltica uses a polar adhesin, the holdfast, located at 22 the cell pole opposite the reproductive stalk for surface attachment and cell-cell adhesion. The 23 holdfast adhesin has been best characterized in Caulobacter crescentus, a freshwater member 24 of the Caulobacterales, and little is known about holdfast composition and properties in marine 25 Caulobacterales. Here we use H. baltica as a model to characterize holdfast properties in 26 marine Caulobacterales. We show that freshwater and marine Caulobacterales use similar 27 genes in holdfast biogenesis and that these genes are highly conserved among the two genera.
INTRODUCTION
In their natural environments, bacteria preferentially form surface-associated cell envelope by the action of anchor proteins that have been identified and characterized in C.
138
crescentus HfaA, HfaB, and HfaD (18, (23) (24) (25) . The organization of the three anchor genes hfaA, 139 hfaB and hfaD in the hfa is conserved in all the analyzed Caulobacterales genomes (Fig. 1C) . In 140 C. crescentus and most of the tested Caulobacterales, the recently identified holdfast anchor 141 gene hfaE (18) is not part of the hfaABD operon, while it is present in the hfa locus in both H. 142 baltica and Oceanicaulis alexandrii (Fig. 1C ). We could not find orthologs of the hfa genes in the 143 genomes of Robiginitomaculum antarticum and Hellea balneolensis, but this may be due to the 144 incomplete nature of the genome. Alternatively these species have a different mechanism to 145 anchor holdfast to the surface of the cell, as is the case for several other Alphaproteobacteria 146 (33, 34) .
148

Role of the hfs and hfa genes in H. baltica 149
To determine if the genes identified in Fig. 1C are involved in holdfast production and 150 anchoring in H. baltica, we created in-frame deletion mutants of the hfa genes encoding the 151 anchor proteins, and the hfs genes shown to be essential for holdfast synthesis in C. crescentus 152 (12) . We first monitored the presence of holdfasts in these mutants using fluorescence 153 microscopy with fluorescently labelled WGA lectin (10) ( Fig. 2A ). We also quantified biofilm 154 formation after 12 h of incubation at room temperature on a plastic surface, using 24-well PVC 155 plates (Fig. 2B ). All mutants could be complemented in trans by a replicating plasmid encoding 156 a copy of the deleted gene ( Fig. 2B ). biofilm formed compared to WT (Fig. 2B ). These results are in agreement with what was 163 reported for C. crescentus ∆hfaB and ∆hfaD mutants (24), suggesting that the Hfa proteins have 164 a similar function in both organisms.
165
We then made in-frame deletions of the genes encoding export proteins HfsA and HfsD.
166
These genes are essential for holdfast production in C. crescentus (20) . Deletion of these genes 167 in H. baltica similarly completely abolished holdfast production ( Fig. 2A ) and surface attachment 168 ( Fig. 2B) . These results show that deletion of the export genes is sufficient for a complete loss 169 of holdfast production, and that a holdfast is crucial for surface attachment in H. baltica.
170
Finally, we made in-frame deletions of the genes encoding glycosyltransferases HfsG 171 and HfsL, which are essential for holdfast formation in C. crescentus (17, 18) . Similarly, H. 172 baltica ∆hfsG and ∆hfsL mutants did not produce holdfasts nor form biofilms ( Fig. 2A and 2B ). 
175
We investigated if tunable expression of the hfsL and hfsG genes, are essential for 176 holdfast production, could change holdfast synthesis and properties. To achieve this goal, we 177 first engineered a replicating plasmid harboring an inducible promoter suitable for H. baltica. We 178 adapted the system developed for a tightly controlled heavy metal (copper) promoter inducible 179 system in Hyphomonas neptunium, a marine Caulobacterale closely related to H. baltica (35) .
180
Similarly, we used the promoter for copper resistant protein operon copAB (Pcu) in H. baltica 181 (copA, hbal_0699, and copB, hbal_0698) ( Fig. S1A top panel) . We first showed that H. baltica 182 can tolerate up to 500 µM of CuSO 4 without significant effect on growth ( Fig. S1B-C) . We then 183 fused 500 pb upstream of the copAB operon (Pcu) to lacZ gene and assembled the construct 184 onto the pMR10 replicating plasmid (Fig. S1A, bottom panel) , to assess Pcu promoter activity 185 using ß-galactosiade as a reporter. We showed that Pcu is a tightly controlled promoter, with a 186 working inducible range of CuSO 4 from 10 to 250 µM ( Fig. S1D ), concentrations that do not 187 impact H. baltica growth (Fig S1 B-C ).
188
We expressed hfsL or hfsG under control of the Pcu inducible promoter in H. baltica 189 ∆hfsL and ∆hfsG mutants. In both cases, when the gene expression is highly induced (250 µM 190 CuSO 4 ), holdfast size and adhesion are restored to WT levels ( Fig. 3A-B) . At lower level of 191 induction (10 µM CuSO 4 ), both complemented strains produced small holdfasts ( Fig. 3A ), but 192 failed to form biofilms after 12 h (Fig. 3B ). To test if these results were due to altered adhesive 193 properties of these smaller holdfasts, or if their smaller size was not enabling cells to be retained 194 on the surface, we combined the ∆hfsL and ∆hfsG mutations with an in-frame deletion of the 195 holdfast anchor gene hfaB, resulting in mutants that produce holdfasts shed in the medium upon 
217
It was previously shown that WGA interacts with C. crescentus and H. baltica holdfasts 218 (27, 28 
241
device where cells are in close proximity with a glass surface, and we tracked single cells as 242 they reached the surface. We observed holdfast production by including fluorescently labeled 243 WGA in the medium, and we recorded the difference between the time when a cell first reaches 244 the surface and the time when a holdfast is synthesized ( Fig. 5A , top panels). We observed that 245 H. baltica produces holdfasts within approximately 3 min upon surface contact, ( Fig. 5A-B ),
246
showing that this species is able to trigger holdfast synthesis upon contact with a surface. To 
269
To identify the type of saccharides present in H. baltica holdfast, we screened a variety 270 of fluorescent lectins to attempt to label H. baltica holdfast ( 286 residues (15). To test whether H. baltica holdfast contains proteins, we attempted to label 288 putative cysteines in the holdfast using a fluorescent maleimide dye (AF488mal). As for C.
289
crescentus holdfasts, H. baltica holdfasts could be stained with AF488mal, showing that these 290 holdfasts possess molecules with free accessible thiols, suggesting the presence of peptides 291 containing cysteines (Fig. 6B ). The staining was holdfast-specific, as AF488mal did not label the 292 holdfast-deficient ∆hfsA and ∆hfsG mutants ( Fig. 6B ). It has been shown that in C. crescentus, 293 holdfast labeling by AF488mal was specific to holdfasts attached to cells, as shed holdfasts 294 from a holdfast anchor mutant were not labeled, suggesting that the cysteine-containing HfaD in 295 cell-anchored holdfasts is responsible for the labeling of those holdfasts with AF488mal (15). In
296
H. baltica, both the anchor proteins HfaB and HfaD contain cysteines. In order to test whether 297 AF488mal interacts with HfaB or HfaD, we stained shed holdfasts produced by a H. baltica 298 ∆hfaB ∆hfaD double mutant and could detect staining ( Fig. 6B ). This is in stark contrast with C.
299
crescentus holdfasts that react with AF488mal only when attached to WT cells (15, 44). This 300 result show that the holdfast composition in these two microorganisms is different.
301
To probe for the presence of DNA in H. baltica holdfasts, we labeled holdfasts with the 302 fluorescent DNA dye YOYO-1 that binds to double-stranded DNA molecules. As previously 303 reported, C. crescentus holdfasts was labeled with YOYO-1 (15). However, YOYO-1 failed to 304 label H. baltica holdfasts ( Fig. 6C ), suggesting that H. baltica holdfasts do not contain DNA. It 305 has been previously shown that, in C. crescentus, extracellular DNA (eDNA) released during C.
306
crescentus cell lysis binds specifically to C. crescentus holdfasts, preventing adhesion to 307 surfaces and biofilm formation (45), and it has been hypothesized that it could be due to a 308 specific interaction between the DNA present in the holdfast and eDNA (15). We showed above 309 that H. baltica holdfasts were devoid of DNA, so we tested whether eDNA could inhibit H. baltica 310 binding. We performed short term adhesion assays in the presence of H. baltica and C. crescentus attached to the glass slide after 60 minutes is dramatically decreased, compared to 313 when H. baltica eDNA is added and to the no DNA addition control ( Fig S2A) , confirming 314 previous studies that showed that, in C. crescentus, eDNA inhibition was specific for C.
315
crescentus eDNA (45). However, H. baltica adhesion is not impaired by the presence of eDNA, 316 from itself or from C. crescentus (Fig. S2A ). We also performed long term biofilm assays in the 317 presence of eDNA and showed that H. baltica biofilm formation is not impaired by the presence 318 of eDNA in the medium after 24 h of incubation ( Fig. S2B ).
319
Taken together, we show that H. baltica holdfasts are different from C. crescentus ones: 320 they are larger, contain GlcNAc, galactose, and peptide residues, but are void of DNA.
322
H. baltica holdfast tolerates high ionic strength
323 It has been shown that C. crescentus holdfasts are very sensitive to ionic strength, as 324 purified holdfast binding efficiency to glass decreased by 50% with addition of 10 mM NaCl (6).
325
C. crescentus is a freshwater bacterium and has probably evolved without selective pressure to 326 bind under high ionic strength. This compelled us to investigate how the holdfasts from H. 327 baltica are affected by ionic strength. We first used NaCl to study the effects of ionic strength on 328 holdfast binding, since it is the most abundant ionic elements in marine water and it has been 329 used in many studies to assess the effect of ionic strength on bacterial adhesins (6, 46-48). We 330 quantified purified holdfast binding to glass at different NaCl concentrations, using fluorescent 331 WGA, and plotted the relative number of holdfasts per field of view bound to glass at different 332 concentrations of NaCl ( Fig. 7A-B ). Our results confirmed that C. crescentus holdfast is very 333 sensitive to NaCl, as only 50% of holdfasts can bind to glass when 10 mM NaCl is added ( Fig. 
334
7B). However, H. baltica holdfast tolerated up to 500 mM NaCl without any effect on surface 335 binding ( Fig. 7B ). There was a 50% decrease in H. baltica holdfast binding at 600 mM ( Fig. 7B) ,
showing that H. baltica holdfasts are more than 50 times more resistant to NaCl than those of C. 337 crescentus. H. baltica was originally isolated from the Baltic Sea, which has 250 mM NaCl ( that the binding inhibition is not specific to NaCl but is rather dependent on ionic strength.
343
Our results show that, in H. baltica, initial holdfast binding to glass is not changed for 344 NaCl concentrations up to 500 mM, then drastically decreased to reach around 25% of holdfasts 345 attached at 1 M NaCl ( Fig. 7B ). To test whether high ionic strength could remove holdfasts 346 previously attached to the glass surface, we first incubated purified holdfasts for 4 h without any 347 salt added, and then added 1M of NaCl for 12 hours to the bound holdfasts ( Fig. 7D ). Bound marine Caulobacterales. In this study, we used H. baltica as a model species living in a marine conditions. We show that holdfasts in H. baltica are different than those of C. crescentus: they 363 are larger, have a different chemical composition, and have a high tolerance to ionic strength.
364
The bioinformatics analysis of holdfast genes indicated that the hfs and hfa loci are 365 highly conserved among Caulobacterales, with few reshufflings of these genes (Fig. 1C ). The 366 arrangements of the holdfast genes in the hfs and hfa loci appears to be ancestral while the 367 relocation of some of the genes is a recent event that could affect their level of expression (52).
368
Through deletion and complementation of important hfs and hfa genes, we confirmed that 369 holdfast biogenesis and anchoring to the cell body in H. baltica use similar genes to those 370 identified in C. crescentus (2);(18) (Fig 2) .
371
We showed that the two glycosyltransferases hfsL and hfsG, are essential for holdfast 372 production and regulate the amount of sugar monosaccharides added to holdfast 373 polysaccharides, as cells expressing low levels of these proteins produce smaller holdfasts ( Fig.   374 2, 3). Small holdfasts with less polysaccharides binds to glass but not strongly enough to 375 support cells (Fig. 3 ). This phenomenon could be due to the smaller surface contact area 376 between the small holdfasts being insufficient to resist drag and shear forces during the washing 377 steps of our assays or to a change in holdfast structure or composition due to the lower 378 expression of the glycosyltransferases HfsL and HfsG. More studies on the role of HfsL and 379 HfsG will help us to determine if these enzymes play an important role in specific 380 physicochemical properties of H. baltica holdfasts.
381
In C. crescentus, the growing holdfast polysaccharide repeat units are modified by the 382 acetyltransferase HfsK (32) and the polysaccharide deacetylase HfsH (21) (Fig. 1A) . These two 383 enzymes are not essential for holdfast production in C. crescentus, but modify adhesiveness 384 and cohesiveness of the holdfast. Holdfasts produced by ∆hfsH or ∆hfsK mutants produced 385 thread-like holdfasts with weaker adhesion strength (28, 32). In addition, fully acetylated purified 386 holdfasts from the C. crescentus ΔhfsH mutant holdfasts were not affected by ionic strength (6), suggesting that holdfast modification can modulate salt tolerance. Our future work will determine 388 how holdfast modification impacts H. baltica holdfasts tolerance to high ionic, and the possible 389 role of HfsH and HfsK.
390
The exact composition and structure of holdfast is still unknown in the model organism 
396
6A). In the different hfs mutants generated in this study, galactose monosaccharides were not 397 detected on the cell pole ( Fig. 6A ), suggesting that GlcNAc and galactose are produced 
403
The maleimide dye stains only cells with a holdfast, and interacts with holdfasts without the 404 presence of cells, indicating that the reactive molecules are intrinsic part of H. baltica holdfast 405 ( Fig. 6B ), another notable difference with C. crescentus holdfasts where maleimide dye only 406 interacts with holdfasts attached to cells (15). Our results suggest that the two holdfasts from H. 407 baltica and C. crescentus have different composition.
408
Bacterial adhesins have been shown to use electrostatic and hydrophobic interactions to 409 attach to surfaces (6). Electrostatic interactions are impaired in high ionic environment like 410 seawater with 600 mM of NaCl (7). C. crescentus holdfast uses both ionic and hydrophobic 411 interactions and its binding is impaired in presence of NaCl in the media (6). We have shown that H. baltica holdfasts tolerate high ionic strength compared to C. crescentus ( Fig. 7A -C).
413
Marine Caulobacterales face a higher ionic strength environment than the freshwater bacteria, 414 therefore, it is vital that marine Caulobacterales produce holdfasts that are more tolerant to ionic 415 strength and strongly adhere in saline environments. Holdfasts do not efficiently bind at 1 M 416 NaCl, but holdfasts already attached to a surface cannot be removed when adding 1 M NaCl 417 ( Fig. 7D ), suggesting that the binding inhibition at 1 M NaCl takes place during the initial stage 418 of surface interaction, because it has no effect on surface bound holdfasts (Fig. 7D ). These 419 results imply that holdfast interacts with surfaces initially using electrostatic interactions, before 420 a permanent molecular bond is formed (6, 54). The differences in ionic tolerance between fresh 421 and marine Caulobacterales indicates that there are significant differences in physicochemical 422 properties between the two types of holdfasts. Holdfast structure and binding properties could 423 depend on the type and the amount of sugars polymerized in the holdfast polysaccharide that 424 are specialized to interact with different surfaces (55).
425
In conclusion, we have shown that H. baltica produces holdfasts with different binding 
446
The bacterial strains used in this study are listed in Table S1 . H. baltica strains were 
458
All the plasmids and primers used in this study are listed on Table S1 and S2 459 respectively. In-frame deletion mutants were obtained by double homologous recombination as previously described (59) 
468
The two-step selection for homologous recombination was carried out using sucrose resistance 469 and kanamycin sensitivity (63).
470
For gene complementation, the pMR10 plasmid was cut with EcoRV-HF and 500 bp of 471 the promoter and the gene were ligated into plasmid pMR10 using NEBuilder tools. The pMR10-472 based constructs were transformed into a-select E. coli strain and introduced in the host H.
473
baltica by mating or electroporation, followed by Kan selection. The plasmid constructs and 474 mutants were confirmed by sequencing.
476
Holdfast labeling using fluorescently labeled lectins 477 Alexa Fluor (AF) conjugated lectins (Vector Labs, Table 2 and Table S3) 
484
Images were processed in ImageJ (64).
Short-term and biofilm binding assays 487
This assay was performed as previously described (28) with the following modification.
488
For short-term binding, exponential cultures (OD 600 = 0.6 -0.8) were diluted to OD 600 = 0.4 in 489 fresh marine broth, added into 24-well plate (1 ml per well), and incubated shaking (100 rpm) at 490 room temperature for 4 h. For biofilm assays, overnight cultures were diluted to OD 600 = 0.10, 491 added to 24-well plate (1 ml per well), and incubated at room temperature for 12 hours with 492 shaking (100 rpm). In both set-ups, OD 600 were measured before the wells were rinsed with 
548
This experiment was performed as previously described (40) 
